River discharge, which represents the accumulation of surface water flowing into rivers and ultimately into the ocean or other water bodies, may have great impacts on water quality and the living organisms in rivers. However, the global knowledge of river discharge is still poor and worth exploring. This study proposes an efficient method for mapping high-resolution global river discharge based on the algorithms of drainage network extraction. Using the existing global runoff map and digital elevation model (DEM) data as inputs, this method consists of three steps. First, the pixels of the runoff map and the DEM data are resampled into the same resolution (i.e., 0.01-degree). Second, the flow direction of each pixel of the DEM data (identified by the optimal flow path method used in drainage network extraction) is determined and then applied to the corresponding pixel of the runoff map. Third, the river discharge of each pixel of the runoff map is calculated by summing the runoffs of all the pixels in the upstream of this pixel, similar to the upslope area accumulation step in drainage network extraction. Finally, a 0.01-degree global map of the mean annual river discharge is obtained. Moreover, a 0.5-degree global map of the mean annual river discharge is produced to display the results with a more intuitive perception. Compared against the existing global river discharge databases, the 0.01-degree map is of a generally high accuracy for the selected river basins, especially for the Amazon River basin with the lowest relative error (RE) of 0.3% and the Yangtze River basin within the RE range of ±6.0%. However, it is noted that the results of the Congo and Zambezi River basins are not satisfactory, with RE values over 90%, and it is inferred that there may be some accuracy problems with the runoff map in these river basins.
Introduction
The hydrological regime of rivers is of great importance for social and economic development, such as in references [1] [2] [3] . River discharge, which represents the accumulation of surface water flowing into rivers and ultimately into the ocean or other water bodies, is one of the most important components in the global water cycle and can be essential to water availability and consequently human lives [1, 4] , such as in water resources management [5] [6] [7] , hydropower generation [3] , flood control [2] , and fisheries [8] . For many of the major rivers around the world, river discharge recorded at gauging stations is regarded as an integrated signal of hydrological processes in the upstream of the corresponding gauging stations, which can provide reliable hydrological information with high
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Global Map of Mean Annual Runoff
Spatially distributed runoff can be estimated by models with a variety of climate data such as precipitation, air temperature, radiation, vapor pressure and wind speed [24] . Combining the observed river discharge information with the outputs from the climate-driven global water balance model developed by the University of New Hampshire [25] , Fekete et al. [10] proposed a global map of mean annual runoff with a spatial resolution of 0.5 degrees (see Figure 1 ). This map was produced based on the assumption that the mean annual discharge difference between a station and its upstream neighbor represents the mean annual runoff generated in the interstation region. Selected 663 gauging stations from the World Meteorological Organization Global Runoff Data Centre were geographically co-registered to a 0.5-degree grid-based simulated topological network (STN-30p) [18] , and interstation regions between gauging stations along the STN-30p network were identified. Then, the mean annual runoff of an interstation region was calculated by multiplying a correction factor which is equal to the ratio of observed and simulated long-term mean discharge during 1950-2000 [26] . This map is of great importance to water-related fields, such as terrestrial modeling, climate-atmosphere interactions, and global water resource assessments, e.g., [27] [28] [29] [30] [31] .
In this study, this map is introduced and used as the primary input to map high-resolution global river discharge. Considering its relatively low spatial resolution, spatial downscaling, which can separate an original pixel into a number of smaller sub-pixels, is necessary [32] . Moreover, several studies [33] [34] [35] revealed that the spatial resolution of 1 km (~0.01-degree) would be suitable for hydrological simulation, and therefore, this study selected this resolution for the global river discharge map. Subsequently, each original pixel of the global mean annual runoff map is separated into 2500 (=50 × 50) smaller sub-pixels. 
Mapping High-Resolution Global River Discharge
In order to calculate river discharge using the runoff map as the input, the major steps are flow direction determination and upstream flow accumulation, which can be derived from the algorithms of drainage network extraction. It is worth noting that high-resolution DEM data are also introduced because of its vital role in drainage network extraction. In this study, the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global DEM dataset [36] with 1-arc-second resolution (approximately 30 m) is used. Due to the different spatial resolutions of the runoff map and the DEM data, the pretreatment process named resolution matching is necessary. Figure 2 shows the framework diagram of the mapping method, and the details are introduced as follows.
Resolution Matching
The original pixel size of the global mean annual runoff map is 0.5-degree (see Figure 2b) , while the original pixel size of the ASTER Global DEM dataset is 1-arc-second (see Figure 2a) . As mentioned in Section 2.1, the resolution of the global mean annual runoff map will be downscaled into 0.01-degree (see Figure 2d) . Therefore, the original pixels of the ASTER Global DEM dataset are aggregated to pixels with the same resolution (see Figure 2c) . Such a procedure can be completed using the majority resampling method integrated the ArcGIS software. After this resolution matching, each pixel of the downscaled global mean annual runoff map can correspond to a unique pixel of the upscaled ASTER Global DEM dataset with the same geographical coordinates, which is the basis of subsequent steps.
Flow Direction Determination
To assign the flow direction, it is of great importance to know the topological relationships of a designated pixel with its neighboring pixels; e.g., if the two pixels regarded as upstream and downstream, respectively. We cannot achieve this if we use the global mean annual runoff map only. However, flow direction can be easily determined with the DEM data using different methods, e.g., [37] [38] [39] . That is why we introduce the ASTER Global DEM dataset in this study and match its resolution with that of the global mean annual runoff map (see Figure 2e ). For convenience, two layers, which denote the downscaled global mean annual runoff map (Layer I) and the upscaled ASTER Global DEM dataset (Layer II), respectively, are defined in this study. For a designated pixel in Layer I, the flow direction can be determined as follows: first, to find the unique pixel in Layer II corresponding to the designated pixel in Layer I. Second, to determine the flow direction of this corresponding pixel in Layer II based on the method for drainage network extraction from the DEM data [22] , i.e., the two pixels regarded as the upstream and downstream of this corresponding pixel in Layer II. Third, to find the two corresponding pixels in Layer I, which are the upstream and downstream of the designated pixel in Layer I. According to the study of Bai et al. [22] , the flow direction of a pixel in Layer II can be determined by finding the optimal flow path among its eight directions (i.e., east, southeast, south, southwest, west, northwest, north and northeast), through which the interior pixel can flow to the outlet pixels in the shortest routing distances. In comparison with the commonly used D8 method which depends on local topographic slopes, the optimal flow path method based on the sorted pixel sequence has an advantage in terms of the flow direction determination in a flat area [22] because the local slopes may be the same in a flat area and they might lead to nested loops of flow directions. Moreover, the optimal flow path method is simpler and faster than the traditional D8 method for practical operations.
Upstream Flow Accumulation
The objective of this step is to calculate the river discharge for the designated pixel in Layer I through summing the runoffs of all the pixels upstream of this pixel. Similar to that in the last step, the unique pixel in Layer II corresponding to the designated pixel in Layer I is found first. Second, the upstream pixels are identified in Layer II because this can be achieved by tracing the flow directions from the most upslope pixels [22, 39, 40] , i.e., the upslope area accumulation step in the study of Bai et al. [22] . Then, the corresponding upstream pixels are found in Layer I. Finally, the runoffs of these pixels are accumulated to generate the river discharge for the designated pixel in Layer I (see Figure 2f ).
According to the study of Bai et al. [22] , the upslope area accumulation is as follows. First, the upslope area of each pixel is initially assigned its unit size. The upslope area accumulation then loops from the pixel in the tail of the sorted sequence with the maximum elevation to the pixel in the head with the minimum elevation. In each loop, the upslope area of the current pixel contributes to that of its downslope pixel. Finally, all upslope areas are accumulated until the outlet pixels are contributed. Because the upslope area accumulation for each pixel can be guaranteed from the upslope to the downslope, the efficiency of the upslope area accumulation can be significantly improved with a calculation loop based on the sorted pixel sequence. This is particularly valuable for mapping the global river discharge at a high resolution because there may be a mass of pixels (e.g., billions of pixels) need to be processed in such case.
Assessment Criteria
In order to quantitatively evaluate the performance of the obtained global river discharge map, the following objective function is used as assessment criteria, namely relative error (RE). The equation to compute the RE value is given as follows:
where Q com is the computed river discharge value of this study, and Q exi is the river discharge value derived from the existing global river discharge databases at the same location. In addition, the performance of the obtained global river discharge map will be evaluated using the Taylor Diagram, which can summarize multiple aspects of the model performance (i.e., correlation, root-mean-square error, and standard deviation) in a single diagram [41] .
Results and Discussion
Map of Global River Discharge
Using the proposed mapping method, a global map of mean annual river discharge with a spatial resolution of 0.01 degrees is obtained (see Figure 3a) . This map is produced based on the algorithms of drainage network extraction, and thus the river discharge values will appear along the drainage networks, and the drainage networks with the higher Strahler stream orders [42, 43] will have a darker blue color, which indicates larger river discharge values. Unfortunately, due to the small pixel size (i.e., 0.01 degrees), the pixels with the darker blue color are generally surrounded by a mass of pixels with the lighter blue color, resulting in the global map seeming unlikely to be well displayed in a single figure when setting the spatial resolution as that suitable for printing (e.g., 300 or 600 dpi). Only a number of separated points with a darker blue color can be observed in the global map of Figure 3a . However, when zooming in and focusing on different river basins, the relevant results can be well displayed at the regional scale. In Figure 3a , the Congo River basin in Africa is selected as an example to display the results. It is observed that the river discharge values appear along the drainage networks and the larger river discharge values can be found in stream channels with the higher Strahler stream orders.
In order to display the results with a more intuitive perception, a global map of the mean annual river discharge with the spatial resolution of 0.5-degree is also obtained through a resampling procedure (see Figure 3b) . It is worth noting that each pixel with the spatial resolution of 0.5-degree will cover 2500 (=50 × 50) pixels with the spatial resolution of 0.01-degree. Therefore, the maximum river discharge value among those of all the 2500 0.01-degree pixels covered by the corresponding 0.5-degree pixel is assigned to the corresponding 0.5-degree pixel during this procedure in this study (see Figure 4) . It is worth noting that, inevitably, lots of information will be lost during this procedure, and only the discharges of the main streams which we most care about are retained. As mentioned above, Global Water System Project (GWSP) Digital Water Atlas [20] also produced a global map of annual river discharge with a spatial resolution of 0.5 degrees. Through comparing the results shown in Figure 3b against those produced by GWSP Digital Water Atlas [20] , it is found that the colored parts and the distribution patterns of the river discharge values in these two maps are basically the same. However, the map in this study can show the stream channels more clearly than that produced by GWSP Digital Water Atlas [20] . This is mainly because the map in this study is from the 0.01-degree-resolution global drainage network extracted from the 30-m-resolution DEM data [22, 44] , which has the much higher spatial resolution than that (i.e., 0.5-degree) used by GWSP Digital Water Atlas [20] . In addition, by comparing Figures 1 and 3b , it is found that the distributions of the colored parts in these two maps have overall similar characteristics; however, more colored regions shaped as stream channels can be observed in Figure 3b (e.g., central Asia, northern and southern Africa, central North America, and southern South America). The reason for this is as follows: there may be no local runoff or the runoff data may be missing in those regions (i.e., blank in Figure 1) ; however, due to the flow concentration processes, there will be river discharges in the stream channels which are generated from runoff in the upstream regions. Therefore, such influence cannot be ignored in the above-mentioned regions.
Accuracy Evaluation
To quantitatively evaluate the accuracy of the global map of the mean annual river discharge with a spatial resolution of 0.01 degrees, the river discharge values are compared against those recorded in the existing global river discharge databases, and 11 river basins (i. Table 1 ). The locations of these 11 river basins are shown in Figure 3b .
In this study, the RivDis2.0 database is selected as the representative of the existing global river discharge databases. It is worth noting that some of the mean annual river discharge values recorded in this database are not measured at the river mouths. For example, the mean annual river discharge of the Amazon River basin in the RivDis2.0 database is the value recorded at the Obidos station, the controlled basin area of which is only 4.62 million km 2 and much smaller than the total basin area of Amazon River basin (i.e., 6.915 million km 2 ). The same problem also exists in Yangtze, Mekong, Mackenzie and Zambezi River basins, which may lead to the large RE values when comparing with the results obtained in this study. Therefore, additional references would be necessary. Wohl [45] has reported the basic hydrological characteristics (including annual river discharge) of the world's major river basins, which are considered as the other reference in this study. The annual river discharge values of the eleven river basins derived from these two data sources are listed in Table 1 . It is observed that the annual river discharge values from the two data sources are similar in Brahmaputra, Mississippi, Lena, Congo and Zambezi River basins, while the annual river discharge values from the RivDis2.0 database are much lower than those from the study of Wohl [45] in Amazon, Yangtze, Mekong, Danube, Yenisei and Mackenzie River basins. Furthermore, the annual river discharge values derived from the proposed method in this study are also listed in Table 1 , and the corresponding RE values are computed using Equation (1) . When comparing against the annual river discharge values from the study of Wohl [45] , the RE values vary greatly, with the lowest value of 0.3% in the Amazon River basin and the highest value of 230.2% in the Zambezi River basin, respectively. By contrast, the RE values vary from 4.7% (Yangtze River basin) to 233.3% (Zambezi River basin) when comparing against the annual river discharge values from the RivDis2.0 database. Specifically, according to the performances of the obtained annual river discharge values in different river basins, the comparison results can be divided into the following three categories:
(1) The obtained annual river discharge values are very close to those in at least one of the two existing global river discharge databases, e.g., in the Amazon, Yangtze, Mekong and Danube River basins (see the river basins in bold format in Table 1 ). In particular, when comparing against the annual river discharge values from the study of Wohl [45] , the RE values are only 0.3% for the Amazon River basin and −5.1% for the Yangtze River basin, respectively. Moreover, even if the mean annual river discharges of these two river basins in the RivDis2.0 database are not measured at the river mouths, the RE values are only 28.3% for the Amazon River basin and 4.7% for the Yangtze River basin. It is observed from Figure 1 that the runoff data within these two river basins are complete, and therefore the feasibility and accuracy of this mapping method can be proved. In addition, low RE values are obtained for the Mekong River basin (i.e., 7.9% when comparing against the annual river discharge values from the study of Wohl [45] ) and the Danube River basin (i.e., 8.3% when comparing against the annual river discharge values from the RivDis2.0 database), respectively.
(2) The obtained annual river discharge values are generally smaller than those in the existing global river discharge databases, e.g., in Brahmaputra, Mississippi, Yenisei, Lena and Mackenzie River basins (see Table 1 ). When comparing against the annual river discharge values from the study of Wohl [45] , the RE values are between −11.7% and −45.1%; in contrast, when comparing against the annual river discharge values in the RivDis2.0 database, the RE values are between −9.5% and −41.2%. The reason for such biases is as follows: known from Figure 1 , there are blank pixels within the Mississippi, Yenisei, Lena and Mackenzie River basins, which may indicate that the runoff data are incomplete in those pixels. The data missing problem can lead to the underestimation of river discharge values. However, within the Brahmaputra River basin, the runoff data are complete (see Figure 1 ), so the underestimation of river discharge value may be caused by the accuracy of the runoff data. A part of this river basin is located in the Tibetan Plateau, a mountainous region with significant topographic variation, which may lead to the difficulty in measuring meteorological and hydrological data (e.g., sparse stations) [46] . (3) The obtained annual river discharge values are significantly larger than those in the existing global river discharge databases, e.g., in the Congo and Zambezi River basins (see the river basins in italic format in Table 1 ). Although the runoff data are basically complete in these two river basins (see Figure 1) , the accuracy of the data is still worth further study due to limited data availability in Africa [47] . Figure 5 shows the original runoff maps of Congo (left) and Zambezi (right) River basins. For the Congo River basin, the mean runoff is about 651 mm and the basin area is 3.82 million km 2 , and thus the total annual discharge is about 2488 km 3 , which is the same as the value listed in Table 1 . For the Zambezi River basin, the mean runoff is about 263 mm and the basin area is 1.33 million km 2 , and thus, the total annual discharge is about 350 km 3 , which is also the same as the value listed in Table 1 . Moreover, as the feasibility and accuracy of this mapping method has been proved in the Amazon and Yangtze River basins, where the data quality is considered to be good, it is inferred that there may be some accuracy problems with the original runoff maps in Congo and Zambezi River basins.
In addition, the Taylor diagram [41] is adopted in this study to further evaluate the performance of the obtained global river discharge map ( Figure 6 ). It is clear that the annual river discharge values from this study (i.e., represented by the black points in Figure 6 ) are closer to those from the study of Wohl [45] (i.e., represented by the blue points in Figure 6 ) rather than those from the RivDis2.0 database (i.e., represented by the red points in Figure 6 ). Moreover, the performance can be much better if excluding the results of the Congo and Zambezi River basins. As the coefficients of correlation are both high (i.e., >0.99) and the root mean square errors are both small (i.e., <0.25) in Figure 6b , the obtained global river discharge map can be regarded to be highly accurate. 
Discussion
To the best of our knowledge, there have only recently been a few studies [48, 49] focusing on mapping high-resolution global river discharge. Barbarossa et al. [48] have developed a global-scale regression model to quantify the mean annual discharge based on the observations of discharge and river basin characteristics from 1885 river basins worldwide, and this model can be applied globally to estimate the mean annual discharge at any point of the river network. Moreover, Barbarossa et al. [49] have created FLO1K, a consistent discharge dataset at a resolution of 30 arc seconds (~1 km) and global coverage, by means of artificial neural networks regression using the observations of discharge from 6600 monitoring stations worldwide. By contrast, this study has provided another way of mapping high-resolution global river discharge: first, the map has been produced based on the algorithms of drainage network extraction rather than regression methods. Second, the input data are the grid-based data rather than the observations from monitoring stations. It is worth noting that the spatial resolution (i.e., 0.01-degree, 36 arc seconds) of the global river discharge map in this study is close to that in the study of Barbarossa et al. [49] . However, only the global map of the mean annual river discharge has been produced in this study, while Barbarossa et al. [49] have produced the global maps of the mean, maximum and minimum annual river discharge for each year in the period 1960-2015.
Nevertheless, the proposed method and obtained results in this study will be of great value to water-related studies. Applying the proposed method for mapping high-resolution global river discharge, we also need to be fully aware of the limitations of this study, which are mainly related to the following four aspects. First, the spatial resolution of the primary input (i.e., the 0.5-degree global mean annual runoff map) is not high, and the downscaling process of this map will inevitably bring in errors. Moreover, further studies may be necessary to ensure the data integrity and accuracy in some river basins (e.g., Mississippi, Yenisei, Lena and Mackenzie River basins in this study). If the more complete and accurate runoff data with higher spatial resolution can be made available, it is believed that the accuracy of the global river discharge map will be higher. Second, limited by the fact that only the mean annual river discharge values in the world's major river basins have been provided in the study of Wohl [45] , only the obtained results of eleven major river basins around the world are quantitatively validated in this study. Although the accuracy is generally high, the obtained results should be further validated in more river basins, especially for smaller river basins. Third, at this stage, this study only compares the results at the river mouths of several major river basins. If more observed data recorded at some representative stations within the river basins can be made available, the accuracy of the proposed method can be further evaluated. Fourth, the existing global river discharge values from two data sources are used as reference values in this study, and the relevant results are basically satisfactory; however, more existing databases can be adopted to perform more comprehensive validations in future work.
Furthermore, the method proposed in this study will be more practical if the inputs can be the global precipitation and actual evapotranspiration data. On the one hand, these two types of data are easier to obtain. Global precipitation data, e.g., the Climate Prediction Center morphing method (CMORPH) dataset and Tropical Rainfall Measuring Mission (TRMM) multi-satellite precipitation analysis (TMPA) dataset, can be derived primarily by merging various passive microwave observations from the low-earth orbit satellites [50, 51] , and the global precipitation data can be obtained based on the energy balance using the thermal satellite data [52] . On the other hand, these two types of data can be multi-source [35] , which may reduce the uncertainty of the input. Since the global runoff data can be calculated from the global precipitation and actual evapotranspiration data through a variety of ways such as water balance methods [53] and hydrological models [54] , it is possible to further develop a method for mapping the global river discharge using the global precipitation and actual evapotranspiration data as the inputs in future works.
Conclusions
This study proposes an efficient method for mapping high-resolution global river discharge based on the algorithms of drainage network extraction, and the major contributions of this study can be summarized as follows:
First, the flow direction determination (i.e., the optimal flow path method) and upstream flow accumulation (i.e., a calculation loop based on the sorted pixel sequence) algorithms used in global drainage network extraction [22] have been introduced, which can be particularly valuable for efficiently mapping the global river discharge at a very high resolution (i.e., 0.01-degree) because there may be billions of pixels need to be processed.
Second, the global maps of mean annual river discharge with two different spatial resolutions (i.e., 0.01-degree and 0.5 degree) are provided. The 0.01-degree map can be used for high-resolution studies on the water-related issues, and the 0.5-degree map is mainly used for displaying the results with a more intuitive perception.
Third, an accuracy evaluation of the 0.01-degree map has been conducted through comparing it against the existing global river discharge databases, and the results indicate that the 0.01-degree map is of generally high accuracy for most of the selected river basins. Therefore, the proposed method is feasible for mapping high-resolution global river discharge.
In addition, the results may be improved by using input with higher spatial resolution, and more comprehensive validations may be needed either through the use of more existing databases or more river basins in future works. Nevertheless, the current results would still be valuable for making better decisions on issues related to flood control, integrated water resources management, ecological environment assessment, and so on in future, e.g., [3, 25, 35, [55] [56] [57] .
